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Raman Amplification: An Enabling Technology
for Long-Haul Coherent Transmission Systems
Wayne S. Pelouch, Member, IEEE
(Tutorial Review)

Abstract—Raman amplification has been commercially utilized
in optical transmission systems for more than a decade. The drive
toward higher spectral density has increased the interest in Raman
to improve system performance. This tutorial reviews the benefits
of Raman amplification, defines methods to analyze system performance, and describes the issues involved with system deployment
and operation.
Index Terms—Coherent communications, distributed amplifiers, optical fiber amplifiers, optical fiber communications, optical
fiber networks, Raman scattering.

I. INTRODUCTION
HE past 15 years have seen an incredible increase in data
rates of optical transponders and, more recently, a move to
multi-level phase modulated formats and coherent digital signal
processing at the receiver. However, the fiber optic transport
system has not changed much over this time and is dominated
by C-band erbium-doped fiber amplifiers (EDFAs). These amplifiers are the main building blocks of the transport system
that define the performance characteristics of the optical network independent of the transponders. The improvements in
transponder technology, including powerful forward error correction (FEC) codes, have allowed data rates to increase without
requiring a significant improvement in the transport system.
The advances in FEC and modulation format have kept pace
with the bit rate from 2.5 to 100 Gb/s as depicted in Fig. 1 and
which shows the FEC technology (G-FEC, Enhanced FEC, SoftDecision FEC) and modulation format (On-Off Keying, Differential Phase-Shift Keying, Polarization-Multiplexed Differential Quadrature Phase-Shift Keying, Polarization-Multiplexed
Non-Differential 8 and 16 Quadrature-Amplitude Modulation)
employed at each bit rate. However, steps beyond 100 Gb/s at
higher spectral efficiency are requiring a higher optical signalto-noise ratio (OSNR) in the fiber plant as shown by the solid
arrow (100 to 150 to 200 Gb/s).
Optical fiber technology has also improved with lower attenuation and larger effective core area, but the vast amount
of installed fiber requires a step improvement in the transport
system to maintain the trend to higher data capacity. Raman amplification is a key technology for improving the performance of
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Fig. 1. Improvements in transponder technology from 2.5 to 200 Gb/s. FEC
and modulation format advancements have kept the OSNR requirements below
the 2.5 Gb/s threshold (dashed arrow), but the current trend in higher spectral
density has resulted in higher OSNR requirements (solid arrow).

fiber optic transport systems to accommodate the higher OSNR
requirement. A likely next step in the drive to higher data capacity at the same OSNR would be to move beyond the C-band.
The flexible spectral characteristics of Raman systems are compatible with a wideband transmission window (up to 100 nm
wide).
The technology inherent to Raman amplification has not
changed appreciably in the last decade, although there has been
a continual improvement in laser diode power levels and reliability which are critical features of Raman amplifiers. Prior
overviews of Raman amplification [1]–[3] provide an excellent
treatment of the basics of Raman amplification, history, and
related optical effects. This tutorial will briefly summarize the
fundamentals and in more detail discuss the methods to analyze
Raman amplification in coherent networks, list some general
scaling laws for large effective area fiber, and describe the issues
involved with system deployment and operation. This paper is
based on a tutorial presentation given at the 2015 Optical Fiber
Communications (OFC) conference [4].
II. RAMAN AMPLIFICATION
A. Background
Raman amplification occurs due to an inelastic scattering of
optical radiation with molecular vibrations in a material [5]. The
scattered “Stokes” waves are at a lower energy, or longer wavelength, than the incident optical radiation. The driving optical
field is typically called the “pump” and the scattered light, the
“signal.” The excited molecules when driven by the pump light
can be stimulated to emit when input light at the signal wave-
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length is present resulting in a coherent amplification process at
the signal wavelengths. The Raman gain coefficient of this process is related to the scattering cross section which is material
dependent.
The equations that govern the Raman process for a single copolarized pump wavelength and signal wavelength travelling in
the same direction are (neglecting spontaneous noise) [6]
gR
dPs
=
Ps Pp − αs Ps
dz
Aeﬀ

(1)

dPp
νp gR
= −
Pp Ps − αp Pp
dz
νs Aeﬀ

(2)

where Ps and Pp are the signal and pump powers, respectively;
gR is the Raman gain coefficient; Aeﬀ is the effective area of
the modes in the fiber; αs and αp are the fiber attenuation
coefficients for the signal and pump, respectively; νs and νp
are the signal and pump frequencies, respectively; and z is the
propagation length variable. The term νp /νs accounts for the
fact that one pump photon is depleted for each signal photon
created (i.e., the quantum efficiency). In (1) and (2) Aeﬀ is
explicitly shown such that the scaling with fiber core area may
be seen. The quantity (gR /Aeﬀ ) (which includes the effects
of signal-pump mode overlap) has units of 1/(W · km). Raman
gain is polarization dependent with very low interaction between
orthogonally polarized signal and pump.
The equations may be solved analytically with the condition
that the pump power is not depleted by the signal as a function
of distance through fiber. Under this “small signal” assumption,
the signal gain is
total gain =

Fig. 2. Raman gain spectral shape for different fiber types at a pump wavelength of 1420 nm. For pure-silica core fibers (PSC), two different effective core
areas at 1550 nm are also shown (80 and 112 μm2 ).

Ps (L)
Ps (0)

= e−α s L exp[Pp (0) · Lp,eﬀ · gR /Aeﬀ ]
−α p L

Lp,eﬀ = (1 − e

)/αp

(3)

Fig. 3. Raman gain magnitude scaling versus pump frequency (relative to
1420 nm pump) for different fiber types.

(4)

where Lp,eﬀ is called the effective interaction length of the pump
and is about 17 km in SMF for a pump wavelength of 1450 nm.
A significant amount of Raman gain occurs up to about twice
Lp,eﬀ , so this should not be considered to be the length of fiber
required to achieve the calculated gain. The term exp(-αs L) is
the fiber transmission, or inverse of the fiber loss. The second
exponential in (3) is the Raman gain not including the span
transmission, sometimes called the “on/off” gain. This is what
shall be referred to as Raman gain in the rest of this article.
If we convert the gain equation (3) to dB units, then it can
be seen that Raman gain in dB is proportional to the product
of pump power in W, Leﬀ in km, and (gR /Aeﬀ ). The Raman
gain coefficient as defined above, gR , is similar in all silicabased fibers and varies in different fiber types due to different
doping profiles and mode overlap with these dopants [7], [8].
The spectral shape of gR depends on the difference in pump and
signal frequencies (νp − νs ) and the magnitude of gR depends
on the absolute pump frequency, νp [9]. The factor (1/Aeﬀ )
accounts for the majority of variation of Raman gain in different
fibers. Plots of (gR /Aeﬀ ) are shown in Fig. 2 for common fiber
types at a pump wave-length of 1420 nm and the scaling versus
νp is shown in Fig. 3.

B. General Raman Equations
The case of multiple pumps and signals propagating in either
direction is characterized by a set of coupled equations that can
be written in a compact form as
di


dPi
= −αi Pi +
(Pi + Ni j )gi j P j
dz
j

gi j

⎧
gR (νj , νj − νi )/(2 · Ae ﬀ )
⎪
⎪
⎨
0
=
⎪
⎪
⎩ −(νi /νj ) · gR (νi , νi − νj )/(2 · Ae ﬀ )

Ni j = 2hνi Δνi (1 + ni j ),


h |νj − νi |
ni j = exp
−1
kB T

(5)
νj > νi
νj = νi

(6)

νj < νi

−1

(7)

where the subscripts i and j run over all signals and pumps,
di is the direction ( = ±1 for forward/backward propagation),
h is Planck’s constant, kB is Boltzmann’s constant, and T is
the temperature. The factor of 2 in (6) and (7) accounts for
the pump having equal power in the two possible polarization
states in a fiber. The noise source term, Nij , can generally be
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Fig. 4. Pump profiles (backward propagating) in 150 km SMF. The pumps are
in order of increasing wavelength in the legend, ranging from 1422 to 1496 nm.

ignored except for calculating the spontaneous noise spectrum
which is modeled as extra signals with zero input power over
a range of frequencies. The term nij in (7) is the Boltzmann’s
thermal occupancy factor for phonons and is equal to 0.138 at
T = 300 K and |νj − νi | = 13.2 THz (which is the peak of
the Raman gain curve). However, for Raman interactions with
multiple pumps and signals, some of the pumps may be closer to
some of the signals resulting in a higher noise term (nij = 0.534
at |νj − νi | = 6.6 THz). In either case, Nij does not result in
enough power to deplete the pumps in most situations and may
be ignored when solving for gain.
The propagation equations indicate that all of the signal and
pump powers are coupled such that any shorter wavelength is
a “pump” for any longer wavelength. Thus, even without high
power Raman pumps, there is a Raman effect if multiple signals
propagate through a fiber resulting in some transfer of power
from short to long wavelengths. Additionally, there is a transfer
of power between multiple pump laser wavelengths which is
depicted in Fig. 4 for the case of six pumps with wavelengths
from 1422 to 1496 nm. Note that the longest wavelength pump
starts (at 150 km) at the lowest power but increases in power over
the first 15 km (to 135 km) while the shortest wavelength pump
depletes the quickest (transferring power to longer wavelength
pumps).
This pump-to-pump power transfer can be utilized in “higher
order” Raman pumping configurations [10] where the frequency
difference between the longest and shortest wavelength pump
may exceed one Stokes shift. The first third-order Raman system
[11] utilized a fiber laser to generate pump wavelengths as low
as 1276 nm. The goal of this technique is to push the longest
wavelength pump power further into the fiber and minimize
the variation in signal power within the line fiber which further
minimizes nonlinear effects, MPI, and optical noise [12].
The general Raman equations may only be solved numerically, but simple scaling laws still exist. Even for multiple-pump
Raman amplification, the total Raman gain in dB is proportional
to total pump power in Watts as depicted in Fig. 5. Two fiber
attenuation values are shown for each fiber type with lower
attenuation (larger Lp,eﬀ ) resulting in higher gain. The scal-
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Fig. 5. Average Raman gain (dB) across the C-band versus pump power
(mW) for pure-silica core fiber at two different A e ﬀ (in μm2 ) and α s (dB/km)
values (in parentheses). Three pumps (1422, 1432, 1452 nm) are adjusted
simultaneously.

ing versus Aeﬀ can be compared by looking at 1500 mW
of pump power and 0.17 dB/km of fiber attenuation where
the 80 μm2 PSC fiber (PSC-80) has about 25 dB gain and
the 125 μm2 PSC fiber (PSC-125) has about 15 dB gain.
(There is some slight difference in mode overlap with the
core which accounts for the difference in the ratios 80/125
and 15/25.) The calculated gain in Fig. 5 is for wide-band
(C- + L-band) amplification which requires more pump power
than amplification only within the C-band.
III. RAMAN AMPLIFICATION BENEFITS
One obvious benefit of distributed Raman amplification is the
gain itself, but the more important benefit is the lower noise that
accompanies that gain compared to lumped amplification. The
noise is defined at the optical receiver where the signal-to-noise
ratio (SNR) defines the bit error rate of the data transmission.
The changes in SNR after passing through an amplifier is further
quantified by the noise figure (NF) which is the ratio of input
to output SNR. In the optical domain, an optical SNR (OSNR)
is defined as the ratio of optical signal power to optical noise
(often referred to as “amplified spontaneous emission” or ASE)
within a reference bandwidth, Δν. The equations for OSNR and
NF are [14]

ρASE
1
Ps
, NF =
(8)
+1
OSNR =
ρASE Δν
hνs
G
where ρASE is the optical noise density (W/Hz) and G is the
linear gain. It will also be important to understand how the NF
accumulates with multiple loss and gain elements and is given
by [15]
NFtotal = NF1 +

NF2 − 1 NF3 − 1
+
+ ···
G1
G1 G2

(9)

where NFi and Gi are the linear NF and gain of the ith element.
There are a number of different configurations in which Raman can be utilized on a fiber span. The Raman pumps may be
counter-propagating with respect to the signal (backward Raman) and/or co-propagating with the signal (forward Raman)
and, additionally, residual pump power from Raman can power
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Fig. 6. Signal power profiles (dBm) for different span amplification schemes
in a span of length L (km) and span loss L sp a n = exp(α s L). Dashed lines
show power profiles without Raman amplification (not to scale). (a) span, (b)
EDFA, (c) Bkwd Raman, (d) Fwd + Bkwd Raman, (e) Fwd + Bkwd Raman +
ROPA.

a remotely-pumped optical amplifier (ROPA). A ROPA is typically some Erbium-doped fiber placed between 60 and 140 km
from the equipment node and basically performs the function
of an EDFA mid-span. In Fig. 4 it can be seen that the longest
wavelength Raman pump has almost 10 dBm (10 mW) of power
at a distance of 90 km from the backward Raman node (at 60 km
on the plot which is 90 km from the Raman pumps located at
150 km). This residual pump power could be used to pump a
ROPA at that location with >20 dB of gain. Higher order Raman
pumping can increase the distance of the ROPA from the Raman pumps which is particularly useful for unrepeatered Raman
systems [13]. Fig. 6 shows different signal power profiles for
different amplification schemes, each of which will be analyzed.
The baseline comparison case is a fiber span with an EDFA at
the end with its gain set to the preceding span loss [see Fig. 6(b)].
A. Baseline EDFA-Only Amplification
A fiber span without amplification [see Fig. 6(a)] generates no
ASE and thus from (8) has a NF of 1/G = (P 0/P 1) = exp(αs ·
L) which is the span loss (Lspan ). The NF of a fiber span with
an EDFA [see Fig. 6(b)] is calculated from (9) and is equal to
NFtotal = Lspan · NFEDFA .

Fig. 7. (a) Raman gain (dB) and (b) Effective NF (NF B R , dB) for three
backward Raman pumps totaling 650 mW in SMF in the C-band.

The ρASE of a span with backward Raman can be approximated with an analytical formula [16], [17]. However, for multiple Raman pumps an accurate calculation of NFBR requires
solving (5)–(7). A plot of the Raman gain and effective NF are
shown in Fig. 7 for the case of 650 mW and three backward
Raman pumps within the C-band. If we assume the span with
Raman is followed by an EDFA, then the total NF is

NFEDFA − 1
(12)
NFtotal = Lspan NFBR +
GBR
where NFEDFA is the NF of the EDFA. The effect of NFEDFA
is reduced due to the preceding Raman gain. For NFEDFA =
4.5 dB, the total NF is about −0.25 to −0.52 dB plus the span
loss (in dB) for the example of Fig. 7. Thus, the OSNR benefit from backward Raman is about 4.75 dB better than with
an EDFA-only span which is about a factor of 3 in linear units.
Thus, with the backward Raman gain of Fig. 7, optical transmission over three times the distance is possible at the same OSNR
as without backward Raman.

(10)
C. Forward Raman Amplification

In dB units this is just the sum of the span loss in dB and the
EDFA NF in dB (which is typically 4.5 to 6 dB).
B. Backward Raman Amplification
A fiber span with backward Raman has a NF that can
be calculated by noting [see Fig. 6(c)] that 1/G = P0 /P2 =
(P0 /P1 ) · (P1 /P2 ) = (Lspan ) · (1/GBR ), where GBR is the
backward Raman gain excluding span loss. The NF is then
NFspan = Lspan · NFBR where NFBR is the NF of the backward Raman in the fiber span excluding the span loss (sometimes
referred to as the “effective NF”)

ρASE
1
+1
.
NFspan = Lspan · NFBR , NFBR =
hνs
GBR
(11)

Forward Raman is typically only used with backward Raman
with a power profile shown in Fig. 6(d). The ASE density generated at the front of the span gets attenuated by the span loss
and is therefore small compared to ASE generated at the end of
the span by backward Raman (and/or the EDFA). In the limit of
larger span loss (which is the only case where forward Raman is
typically applied), then the forward Raman NF is approximately
1/GF R , where GF R is the forward Raman gain excluding span
loss (GF R = P0 /P2 in Fig. 6(d). Thus, effectively the span loss
is just reduced by the forward Raman gain. The total NF including both forward and backward Raman and an EDFA at the end
of the span is (Lspan > 30 dB)

Lspan
NFEDFA − 1
NFtotal =
NFBR +
.
(13)
GFR
GBR
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The OSNR improvement for the case of 10 dB forward
Raman gain and the backward Raman of case (c) is about 15 dB
compared to the case without Raman (10 dB from the forward
Raman). This comparison is not quite fair as it does not take
into account the limitations in transmit power due to nonlinear
penalties [18]. In the following sections, this effect will be taken
into account.
D. Raman-Pumped ROPA
The addition of a ROPA in the middle of the span [at location
“R” in Fig. 6(e)] improves the NF and OSNR significantly. The
analysis of the span NF requires that the span be split into a
Section I that includes forward Raman plus the span loss (L1 )
to the ROPA, the ROPA gain and NF, and Section II that includes
the backward Raman and span loss (L2 ) from the ROPA to the
span end. The total span loss is Lspan = (L1 · L2 ) and the total
NF using (9) is
NFtotal = L1 NFF R
+

NFROPA − 1
L2 NFBR − 1
+
+
GF R /L1
GF R GROPA /L1

NFEDFA − 1
.
GF R GROPA GBR /(L1 · L2 )

(14)


L1
L2 NFBR − 1
NFROPA +
GF R
GROPA
+

L2 (NFEDFA − 1)
.
GROPA · GBR

(15)

The total NF is improved by placing the ROPA as far as
possible from the fiber end which reduces the common factor
L1 while keeping the ROPA gain (GROPA ) appreciably large.
The ROPA position is limited by the amount of residual Raman
pump power available (at least 5 mW is required). The ROPA
NF (NFROPA ) is about 5 to 5.5 dB typically. For a ROPA at
90 km from the fiber end with 20 dB of gain and the forward +
backward Raman gain of the preceding example, the improvement in OSNR is about 27 dB (assuming a significantly long
span). This comparison also needs to be adjusted for nonlinear
penalties as will be discussed below. However, the relative improvement with the ROPA is about 12 dB compared to the case
with forward and backward Raman and no ROPA.
Using any of the total NF equations above, the total OSNR
can be calculated using (8)
OSNR =

Ps · Gtotal
(Gtotal · NFtotal − 1)hνs Δν

IV. RAMAN IMPAIRMENTS
The preceding section demonstrated the NF and OSNR improvements of Raman amplification. There are several effects
that cause transmission penalties when using Raman that need
to be considered.
A. Multiple-Path Interference (MPI)

Under the assumption that NFFR is approximately 1/GFR ,
the formula simplifies to
NFtotal =

Fig. 8. Rayleigh scattering coefficient versus wavelength for several different
fiber types (measured with an OTDR).

(16)

where Ps is the signal transmit power into the span, Δν equals
12.5 GHz for 0.1-nm bandwidth, and Gtotal = GFR · GROPA ·
GBR · GEDFA /Lspan for the last case discussed (OSNR measured after the final EDFA). If the total gain of all amplifiers
compensates for the span loss, then Gtotal = 1.

Rayleigh scattering is a well-known effect in optical fibers
and is a limiting factor for fiber attenuation. Signal light will
back-scatter (opposite direction of the signal) during propagation and some of this back-scatter light will scatter again into
the forward direction, called double Rayleigh scattering (DRS).
Normally, this is a weak process, but coupled with the gain
provided by Raman amplification, it can grow to become significant [19]–[22]. DRS is the main source of MPI and it can
be assisted by discrete reflection points in the line system. The
interaction length for DRS is many kilometers, so the DRS light
is incoherent with the signal. Thus, the MPI light can be treated
as an additional noise source. The Rayleigh scattering coefficient varies with different fiber types as shown in Fig. 8 and
large Aeﬀ PSC fibers have the lowest Rayleigh coefficient. The
Rayleigh coefficient scales similarly to Raman gain in different
fiber types (compare Figs. 2 and 8).
The MPI is a ratio relative to the signal power, so it appears
like 1/OSNR. In practice, the MPI should be kept below −20 dB.
Since the MPI is an incoherent process, it adds up linearly versus
the number of gain stages. This addition restricts the MPI to a
lower value per span since, for example, 20 spans (13 dB) add
13 dB to the MPI value per span. This restriction further limits
the amount of Raman gain that can be used to about 25 dB. The
MPI for Raman gain less than 15 dB is fairly insignificant. One
further interesting case is that of Raman and ROPA since the
ROPA gain adds to the generation of MPI. Quite often (but not
always!) a ROPA is designed with an isolator that eliminates the
preceding back-scatter.
B. Polarization-Dependent Gain (PDG)
Raman amplification is a polarization-dependent process and
requires equal pump power in orthogonal polarization states
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FWM in LEAF fiber with ZDW near 1500 nm and signal near 1580 nm with no pump (left); and with forward pump at 1422 nm (right).

or de-polarization of a single pump to reduce PDG [23]. One
important manufacturing aspect for dual-polarized pumps is to
calibrate the pump power entering the fiber for each pump laser.
The pump multiplexing scheme has polarization-dependent loss
which can be compensated during the calibration process.
Polarization mode dispersion (PMD) and PDG are statistically coupled during propagation [24], [25] resulting in a Gaussian distribution in gain for low PMD fiber. There will be a
larger variation in gain due to PDG in the forward Raman case
compared to backward Raman [24]. For dual-polarized signals,
the gain compression in forward Raman is also polarization dependent such that higher gain along one polarization state will
result in higher pump depletion which has the effect of reducing
the difference in pump power between each polarization state.
The penalties caused by PDG depend on the transponder
sensitivity to this effect. At least one supplier of 100G coherent
OIF modules has a specification of < 0.5 dB OSNR penalty for
3 dB of PDG or PDL.

C. Four-Wave Mixing (FWM) With Raman Pumps
FWM is a nonlinear process whereby four optical waves
(some of which may be degenerate) couple through the third
order susceptibility, χ(3) [26], [27]. Conservation of energy
(ν 1 + ν 2 = ν 3 + ν 4 ) and phase-matching conditions (β1 + β2 =
β3 + β4 ) determine whether FWM process is significant. The
process of interest for Raman is the mixing of three photons that
transfer their energy to a fourth photon (ν1 + ν2 − ν3 → ν4 ).
The phase-matching requirements generally necessitate that
the wavelengths involved are located on both sides of the
zero-dispersion wavelength (ZDW) in the fiber. This occurs in
NZDSF fibers with a ZDW near 1500 nm where Raman pumps
are in the 1400 to 1510 nm range and signals in the 1520 to
1620 nm range [28]. The FWM process can occur with either
forward or backward Raman amplification.
In backward Raman pumping, FWM occurs when one
Raman pump is near the ZDW and one pump is at a shorter wavelength. For example, two pump photons (ν1 , ν2 ) at 1500 nm mix
with a third pump photon (ν3 ) at 1450 nm to generate a photon (ν4 ) at 1553.6 nm when the ZDW is near 1500 nm. The

backward-generated FWM light Rayleigh-scatters into the forward direction in the C-band as a noise source for channels near
that wavelength. The distribution of the ZDW in NZDSF fibers
can be fairly broad, with a standard deviation of 5 nm or more.
This FWM case is most relevant to wide bandwidth Raman amplification where long wavelength pumps provide gain in the
L-band.
In forward Raman pumping, FWM occurs when two photons
at a pump wavelength less than the ZDW mix with a signal
photon longer than the ZDW, creating an additional photon at
the signal wavelength. The generated light is already traveling
in the forward direction, so even a weaker FWM process can be
a source of noise. For example, two pump photons (ν1 , ν3 ) at
1453 nm mix with a signal photon (ν2 ) near 1550 nm to generate
a photon (ν4 ) near 1550 nm when the ZDW is about 1500 nm.
An example of FWM in LEAF fiber is shown in Fig. 9 with a
single signal and pump wavelength. The frequency difference
between FWM products in the signal spectrum is equal to the
mode spacing in the pump.
FWM is not an issue in Raman amplified systems if these
few cases are avoided. Also if the FWM products are not within
the signal band, then operating under these conditions may not
present a problem.

D. Noise Transfer
Raman pumps are usually multiple frequency mode laser
diodes with a spectral width of ∼1 nm. As a result of the wider
bandwidth, the relative intensity noise (RIN) of the Raman pump
is much higher than a distributed feedback laser and is typically
−110 to −120 dB/Hz. The RIN of a Raman fiber laser is increased due to the cascading effect [29].
It is possible as the pumps propagate with the signals to
transfer some of this RIN to the signal through the Raman amplification process [30], [31]. RIN may also transfer between
pumps before transferring to a signal so that multiple pump
processes have also been studied [32], [33]. Noise can transfer
through phase (as opposed to just intensity) which has received
additional consideration in the literature [34], including polarization effects [35], for phase-modulated signals. The last study
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E. Other Impairments

In (17) Ps is the transmit signal power into the span, Δν
is the noise bandwidth, γ is the fiber nonlinearity, g(f) is the
signal spectral density, p(z) is the normalized power profile in
the fiber, and β2 is the dispersion coefficient. (The formula
is written slightly differently than in the reference which the
reader may consult for further details.) Without Raman, p(z) =
exp(−αs · z) and the integration is carried out analytically with
several approximations to arrive at a simple formula [36]
 2
8Ps3 γ 2 L2s,eﬀ αs Δν
π
2B /Δ f
2
PNL =
asinh
|β2 | Bch
Nch c h
3
27π |β2 | Bch
2αs
(18)
where the Bch is the channel bandwidth (Hz), Nch is the number
of channels at frequency spacing Δf, and Ls,eﬀ is the same
definition as (4) using αs . Additional formulae are presented,
but (18) will suffice as a reference for comparison to the case of
Raman amplification.
Once PNL has been calculated, an effective OSNR can be
defined as
Ps
(19)
OSNReﬀ =
PASE + PM PI + PNL

Further work is required to analyze a significant impairment
in forward Raman amplified systems that results in systems utilizing dual-polarized phase-modulated signal formats. Raman
pumps that have low walk-off with the signal mediate a crosspolarization penalty that was not detected in single-polarized
10G OOK signal formats (which has a polarization insensitive
receiver). A similar effect was noted in [35] and was attributed to
a pump-signal cross-phase modulation. This impairment limits
the number of spans that could employ forward Raman amplification and the pump wavelengths that would be used.

where the MPI power has also been included as a noise term
and PASE = ρASE · Δν.
The important term for Raman amplification is the integration of p(z) which now must be carried out using the Raman
signal power profile. The profile with Raman is much more
complicated and a simple model has been proposed for backward Raman [39]. However, this model still requires a complex
integration to be performed and does not take into account the
scenario with multiple pump wavelengths (and the complex Raman power transfer between them).

was particularly relevant as it modeled the spectral and polarization properties of pump lasers as they are typically implemented
which results in a larger RIN penalty than more simplistic models. Generally speaking, phase and intensity noise are coupled
through transmission in the fiber.
Chromatic dispersion causes the pumps and signals to have
different group velocities so that the pump and signal waves walk
off during fiber propagation. Additionally, backward Raman
pumps walk-off is much faster since the pumps and signals
travel in opposite directions. These effects cause an averaging
or low-frequency filtering to occur which restricts the magnitude
of noise transfer. Thus, the backward and forward Raman RIN
transfer is limited to kilohertz and tens of megahertz bandwidths,
respectively. The Q penalty is generally negligible for backward
Raman and on the order of 0.1 dB Q for forward Raman over a
single span with the pump RIN value mentioned above [30]. RIN
transfer for forward Raman amplification is one of the effects
that limit how often forward Raman can be used in a multiple
span transmission link.

V. NONLINEAR PROPAGATION IN RAMAN SYSTEMS
Section III demonstrated the NF and OSNR benefits of Raman
amplification. These comparisons to EDFA-only amplification
did not take into account the difference in nonlinear transmission penalty that occurs with Raman systems. In this section, we
will provide an approximate model for calculating the nonlinear propagation penalties in dispersion-uncompensated coherent
transmission systems.

B. Forward Raman Transmission Model
The complexity of the Raman propagation equation (5) does
not allow for a simplified signal power profile to be estimated.
However, a semi-analytic solution can be found by fitting the
calculated forward Raman signal profile to a simple function:
p(z) = b1 exp(−αs z) − b2 exp(−α2 z).

(20)

An example of a forward Raman power profile and fit is
shown in Fig. 10. (Note that the fit function and calculations are
A. Baseline Transmission Model
in linear units and Fig. 10 is in logarithmic units.) The signal
The development of coherent digital signal processing has power profile has been normalized to 1 mW (0 dBm) at z = 0.
allowed signal propagation through a fiber link without inline The fit process is quite simple as αs is the fiber attenuation and b1
dispersion compensation. Analytic models have been developed is the extrapolation of the fiber attenuation line that matches the
[36]–[38] that provide relatively simple calculations of nonlin- signal profile after the Raman gain has become insignificant and
ear transmission penalties. The baseline formula that will be is equal to the linear forward Raman gain. The first exponential
considered is the Gaussian-Noise model [36] which calculates of (20) is shown as a dashed line in Fig. 10. Then b2 = b1 − 1
a nonlinear noise power, PN L , for a single span
(so that p(0) is normalized 1 mW) and α2 is chosen to give the
16
same maximum signal power in the line.
γ2
PN L (f ) = Ps3 Δν
27
This simple fit procedure results in a power profile that only
∞
∞
has an error of a few percent when integrated over the fiber
·
df1 df2 g(f1 ) g(f2 ) g(f1 + f2 − f ) Λ(f1 , f2 , f )
length compared to the original integrated signal profile. The
−∞ −∞
2 benefit of this fitting function is that the fit function (20) can
L
2
Λ(f1 , f2 , f ) =
dz p(z) exp[ i4π β2 (f1 − f )(f2 − f ) z ] . be substituted into (17) and solved in the same manner as the
0
non-Raman signal profile. When the integration function (Λ)
(17) is squared, three terms result and simple substitution into (18)
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Fig. 10. Forward Raman signal profile (squares), fit (solid line), and first
exponential term of fit (dashed line). The Raman gain is 13 dB.
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Fig. 11. Forward Raman OSNR benefit normalized to the same P N L as without Raman in SMF.

TABLE I
SUBSTITUTION TERMS FOR FORWARD RAMAN
Original Term
Ls , eff 2
αs

Term 1

Term 2

Term 3

(b 1 L s , e f f )2
αs

(b 2 L 2 , e f f )2
α2

−2(b 1 L s , e f f )·(b 2 L 2 , e f f )
√
αs α2

is possible. The three substitution terms are shown in Table I,
where Ls,eﬀ is defined with αs and L2,eﬀ is defined with α2 .
The solution is then a sum of three terms equivalent to (18) with
the above substitutions:
PNL−FR =

3


PNL (L2i,eﬀ , αi )

(21)

i=1

Fig. 12. Forward + backward Raman signal profiles in mW for 6 channels
spread across the C-band and with 3 pumps (the same variation occurs for a
fully occupied C-band channel plan).

L2i,eﬀ

where
and αi correspond to the three terms in Table I.
Now the comparison between forward Raman and no Raman
can be made by choosing a transmit power without Raman that
gives the same PNL as with forward Raman. Eventually, it is
OSNReﬀ that needs to be calculated, so these comparisons of
PNL must be scaled to the same signal power. Thus, the quantity
PNL /Ps needs to be compared.
For the power profile of Fig. 10, the transmit power without
Raman with the same PNL /Ps is about +8.0 dBm. To achieve
the same OSNR as the Raman profile, the transmit power would
need to be +13 dBm (as shown by the dashed line in Fig. 10).
Thus, the OSNR benefit of forward Raman in this case is about
5 dB at the same PNL . The nonlinear power with forward Raman
depends to a larger extent on the maximum power in the fiber,
but there is also a dependence on the Raman gain. The same
maximum power in the fiber can be achieved with higher transmit power and lower Raman gain. There is no simple rule that
can be applied to determine the transmit power without Raman
that gives the equivalent amount of PNL /Ps . In general, the effective OSNR benefit in dB is GFR dB − ΔPdB , where ΔPdB
is the difference it transmit power (in dB) without Raman to
achieve the same PNL . One example of a plot of OSNR benefit
with forward Raman relative to transmitting without Raman at
the same PNL /Ps is shown in Fig. 11 calculated for a single signal in SMF. It should be pointed out that for a large number of
signals, the power in the fiber without Raman may be limited by

the transmit amplifier. In this case, ΔPdB is lower due to these
practical constraints and the OSNR benefit of Raman is larger.
One further important point is that with Raman, the power
profile may be very different for each signal. An example of
multiple signals in the C-band with forward Raman amplification (3 pumps) is shown in Fig. 12. This variation in signal power
profiles requires that the fit function (20) be calculated on a persignal basis. PNL should also be calculated on a per-signal basis
as described in [36] rather than using the simpler formula (18).
One possible simplification is to average the forward Raman
signal profiles and use just a single fit function with (18) and
(21) which is in reasonable agreement with the more accurate
per-channel method.
C. Backward Raman Transmission Model
Similar to the forward Raman case, a semi-analytic solution
can be found by fitting the calculated backward Raman signal
profile to a simple function
p(z) = exp(−αs z) + b2 exp[−α2 (L − z)]
= exp(−αs z) + b2 exp(−α2 L) exp(+α2 z) (22)
where the first exponential is the standard fiber attenuation and
b2 is the backward linear Raman gain, and α2 is chosen for

14

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 1, JANUARY 1, 2016

Raman module and other passive optical components. Even so,
the area under the curve for z > 80 km is about 40% of the area
under the curve in the first 80 km.
The high OSNR from this configuration allows the transmit
power into the span to be lower. The rough scaling of PNL /Ps
is (Ps2 ·Area2 ) so that transmitting at 2 dB lower power results
in less than 80% (0.632 ·1.42 ) of the nonlinear power. Thus, the
OSNReﬀ is higher than for the same span with weak backward
Raman and an EDFA. Consequently, strong backward Raman
has the potential for long transmission distances.
VI. IMPLEMENTATION OF RAMAN AMPLIFICATION
Fig. 13. Backward Raman signal profiles of Fig. 12 showing the backward
Raman gain (∼12 dB) relative to the fiber attenuation (without backward Raman).

There are several important issues for the implementation
of Raman amplifiers in telecommunications networks including design, installation, and operational aspects. In the following sections the essential features of implementation will be
discussed.
A. Amplifier Design

Fig. 14.

Strong backward Raman signal profile in mW and 2-exponential fit.

best fit. This function can similarly be substituted and solved
for as was described in the previous section. However, this is
generally not required as the backward Raman power profile
does not make a significant difference in the calculation of PNL
if the output power of the span is 13 dB below the maximum
power within the span. This is almost always the case since
backward Raman is only used on longer spans.
The signal power profiles in Fig. 12 also include the same
Raman pumping in the backward direction as the forward direction. On a linear scale, the effect of backward Raman on
the integrated power profile is negligible. The backward Raman
gain may be seen by expanding the scale of Fig. 12 near 180 km
as shown in Fig. 13 where the deviation from the dashed line
is due to backward Raman gain. The conclusion is that weak
backward Raman amplification does not significantly increase
PNL . The case of a ROPA with backward Raman is also typically insignificant as with larger span loss, the amplified signal
power profiles are only a miniscule fraction of the transmitted
signal power.
Strong backward Raman may occur on shorter spans with
larger Raman gain, possibly enough such that no discrete amplifiers are needed in line [40]–[42]. An example of a strong
backward Raman signal profile is shown in Fig. 14 and the
fit from equation (22). In this case, the output power from the
span is greater than the input power to account for losses of the

A Raman amplifier comprises several key elements: a multiplexer to combine the Raman pumps with the signals, a pump
isolator to eliminate any optical feedback that might destabilize
or damage the pump lasers, a pump de-polarizing technique,
and a spectral monitor to control the pumps. Additionally, the
Raman pumps have enough optical power such that a robust
safety mechanism must be employed that includes shuttered
high-power optical connectors. Expanded-core connectors offer the highest optical power rating. The reliability of 14xx-nm
laser diodes is very high with field data of 2.8 FIT being reported
[43].
In Section IV-B, the importance of minimizing polarizationdependent gain was discussed. Laser diodes are typically used
as the Raman pumps and the optical power is monitored by an
internal photodiode that measured leaked light from the back
facet. The relationship between output power and back-facet
power is not completely linear. Thus, when combining two
orthogonally-polarized pumps, it is important that the power
of each polarization coming out of the amplifier be calibrated
over the full operating range.
The spectral monitor is important both for pump control and
for the detection of loss-of-signal (i.e., a fiber cut) for automatic
laser safety shutdown. Both of these issues will be discussed in
the following sections.
B. Control of Raman Pumps
The method of control of the Raman amplification process is
one of the most critical issues for operational implementation.
Raman gain can be controlled in a simplistic way by noting that
the gain in dB is directly proportional to the total pump power
in mW (see Fig. 5). One difficulty for distributed Raman is that
there is no direct measurement of the input power as in a discrete
amplifier (other than from embedded information that is passed
down from the preceding network node). Thus, the gain is not
well defined—especially when the line fiber loss may vary over
time. Another possibility is to filter out part of the ASE spectrum
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as the ASE power in dBm is approximately proportional to the
Raman gain in dB. In either case, all the Raman pumps would
have to be adjusted in unison which gives no control over the
spectral shape.
A better and more powerful method is to control the amplified
output power spectrum [44] as this can be directly monitored
within the Raman amplifier module. This requires that the spectral monitor is capable of making at least a coarse measurement
of the entire signal spectrum. Power control allows the Raman
amplifier to compensate for changing line conditions which
cause the fiber loss and spectral shape to vary. The most flexible
approach to controlling the power spectrum is to dynamically
control the power of each pump wavelength.
This is a somewhat complex optimization problem since the
Raman equations are nonlinear and coupled with constraints on
the dynamic range of the pump power. In addition, it is desirable
to control the parts of the spectrum in which there are no signals
such that turning up signals in a new spectral region does not
cause a major adjustment in the pump settings. Dynamic control
of an all-Raman amplification system has been continuously
operating in the field with high reliability and stability [45] for
over ten years. Examples of spectral control and stability with
Raman amplification in field trials have been previously reported
[40], [46].
Forward Raman amplification has no real-time feedback in order to adjust the pumps. This constraint suggests a feed-forward
approach where the Raman pumps are adjusted based on an algorithm that tries to maintain constant gain as a function of the
aggregate input signal power.
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Fig. 15. Raman gain reduction with a 1 dB loss versus loss distance (not
including the 1 dB loss of signal power) for a Raman gain (without loss) of
10 dB and 24 dB.

in the immediate vicinity of the Raman amplifier module (i.e.,
connector loss at an optical distribution panel) the loss of gain is
easy to calculate. Suppose the Raman gain in dB is GdB with a
Raman pump power in mW of Pm W . A connector transmission
(Tloss < 1.0) reduces the pump power to Pm W · Tloss resulting
in a Raman gain of GdB · Tloss . For example, a gain of 10 dB is
reduced to 7.9 dB with a loss of 1 dB (Tloss = 0.79). There is also
an additional loss of the signal power by 1 dB. The reduction in
pump power at all wavelengths may also result in a change in the
shape of the gain spectrum. The loss of Raman gain diminishes
as the distance of the loss from the Raman amplifier increases.
Fig. 15 shows a plot of backward Raman gain reduction versus
the location of a 1-dB loss. The effect of the loss is noticeable
out to 30 or 40 km based on the maximum Raman gain.

C. Optical Connectors and Fiber Losses
One issue of concern for the installation of distributed Raman
amplifiers are optical connectors and other lumped fiber losses.
The power handling specification for standard optical connectors is about 250 mW which is below the power typically used
for Raman amplification. The damage mechanism in fiber optic
connectors is either caused by dielectric breakdown (for pulsed
laser systems) or thermal mechanisms [47]. Thermal damage is
caused by the absorption of optical power by surface contaminants. In the worst case, severe defects in the fiber can cause a
“fiber fuse” effect in which damage back-propagates toward the
laser source [48].
In reality, the power handling value depends on the core surface quality of the connector which is difficult to specify. A
recent field trial on aged metro fiber [40], [41] with over 100
standard SC connectors was demonstrated using high power
(>1800 mW) distributed Raman amplification in every span
without any connector damage. Thus the issue of optical damage becomes a risk assessment based on the installation and
maintenance operating procedures (connector inspection and
cleaning). The risk of damage can be greatly reduced by using
a fiber connector with an expanded core such that the optical
intensity is reduced. Some commercial high power / expandedcore optical connectors have damage threshold of 3000 mW or
more.
Optical lumped losses due to connectors or poor quality fiber
repairs or routing result in a loss of Raman gain. For losses

D. Transient Events
A transient event is a sudden change in optical power level,
usually due to a fiber cut that removes a fraction of the number
of channels. An amplifier that operates in the pump depletion
regime has a gain that is dependent on the signal loading power
[14]. The gain is lower at higher input signal power and therefore
a loss of input signal power will cause the gain to increase. This
effect is quite well known in EDFAs where there is a high
amount of gain compression [49], [50].
In Raman amplifiers, transient power fluctuations have also
been studied [51]. A simple way to estimate the gain variations
is to consider the ratio of amplified signal photons to pump
photons (the photon ratio). For backward Raman amplification
this is
Ps (L)/νs
(23)
PR =
Pp (L)/νp
where Ps (L) and Pp (L) are the total signal and pump power
at the end of the fiber, respectively. As an example, 100 signals
centered at 1550 nm with an output power of −20 dBm/ch
has a total output power of 0 dBm (1 mW). For backward
Raman with a total pump power of 500 mW at 1450 nm, the
photon ratio is 0.2%. This small ratio means that the gain
compression is very small for this example and therefore
the Raman gain is relatively independent of the number of
signals. The lower efficiency of backward Raman becomes
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Fig. 16. Raman gain for 93 channels (lines) and 3 channels (squares) at the same pump power for backward (left) and forward (right) pumping. For forward
pumping the corrected gain for 3 channels is also shown (circles).

a benefit for transient control. An example of the backward
Raman gain for 93 and 3 channels in the C-band is shown
in Fig. 16 (left).
For forward Raman amplification, the photon ratio is much
higher. This is a more difficult case to estimate since the signal
power is increasing while the pump power is decreasing with
distance in the fiber. For the example of Fig. 12 at 10 km within
the fiber, the photon ratio might be 40% for 100 signals and
3 pumps. This results in a gain compression of approximately
10 · log10 (1 − 0.4) = 2.2 dB (an accurate value needs to be calculated by solving the Raman equations). This is still a much
smaller value than for EDFAs which often operate in the power
saturated regime, meaning that the output power is approximately constant independent of the number of signals. In this
case an EDFA with 100 signals will have an increase in gain
of 10 dB if the number of signals drops to 10 (100/10 in dB).
As mentioned in Section VI-B, the method to control forward
Raman pumps must implement an algorithm based on input
signal power which may be implemented in sub-microsecond
timescales [52]. Thus a sudden change in input signal power will
trigger a calculated change in pump power at approximately the
same gain. An example of the forward Raman gain for 93 and 3
channels along with the corrected gain for 3 channels is shown
in Fig. 16 (right).
E. Laser Safety
Raman amplifiers should comply with ITU-T recommendations for laser safety [53] and with the class 1M hazard level
according to IEC [54] standard 60825-2 which requires a method
to detect a line fiber cut or disconnected fiber jumper. A fiber optic telecommunications link typically includes a node-to-node
optical supervisory channel (OSC). Thus a fiber discontinuity
will result in both a loss of signal and loss of OSC which would
trigger an automatic shutdown or automatic power reduction of
the Raman pump lasers. A forward Raman amplification module is blind to fiber cuts in the following span and must receive
signaling to shut down from other amplifier modules. All signaling and loss detection should be local as opposed to originating
from remote sources (transponder receiver feedback) or over
cabling that could be mistakenly disconnected. This limits the
number of traffic affecting cables or connections.

Fig. 17. ASE (dBm) generated from one fiber span versus Raman gain (dB)
calculated (squares) over several fiber types of several attenuations each and fit
to a line.

One case that needs to be considered is a long fiber span
in which there are only one or a few signals with backward
Raman amplification. The ASE in dBm that is generated over the
C-band from the Raman module is proportional to the Raman
gain in dB as shown in Fig. 17. For strong Raman gain, the ASE
may be as high as −8 dBm (Raman gain higher than 25 dB is
typically not used due to MPI limitations). If the span signal
output power is on the order of −20 dBm then the ASE power
may be much larger than the signal power. The spectral monitor
of the Raman module must be able to detect this loss-of-signal
in the presence of this strong ASE background. This may be
accomplished by filtering the spectrum into smaller bands each
of which is monitored by a separate photodiode. This type of
spectral monitor is also useful for control purposes.
The Raman system also needs to be able to turn back on
autonomously after the fiber discontinuity has been repaired.
Detection of signals or OSC can trigger this restoration process.
For very long spans, the signal(s) may not be able to be detected
without the Raman amplification turned on and this situation
requires an OSC with excellent receive sensitivity or with a
separate mode of operation that improves the sensitivity beyond
what is capable at normal OSC communication data rates.
F. Network Design
Raman amplification may be deployed in a number of different configurations as shown in Fig. 6, but not every span requires
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linear power limit and may allow a more optimum power profile
if the transmit power is limited by the booster amplifier.
The other scaling factor to note is that the nonlinear power
(PNL ) scales with the square of the fiber nonlinearity (γ) which
further scales as 1/Aeﬀ . This nonlinear scaling is stronger than
the performance improvement scaling of Raman. Thus, the best
optical transmission performance with (or without) Raman is
achieved with large Aeﬀ fiber. In other words, smaller Aeﬀ
fiber with higher Raman gain does not result in better optical
performance.
VII. SUMMARY AND CONCLUSION
Fig. 18. OSNR plots versus span loss in SMF at a transmit power of 0 dBm/ch
for EDFA, backward Raman (12 dB gain), and forward + backward Raman
(12 dB gain each). The forward Raman transmit power is normalized for the
same nonlinear power as transmitting at 0 dBm/ch without forward Raman.

Raman to economically improve performance. Unlike submarine repeatered systems, terrestrial systems are comprised of a
variety of span lengths and occasionally different fiber types.
The span loss in dB is proportional to the span length in km and
the OSNR in dB without Raman is inversely proportional to the
span loss in dB (assuming the same optical transmit power). The
dB scaling is important as it means that a span with, for example,
6 dB higher span loss has an effect on the OSNR equivalent to
4 spans (4 = 6 dB) at 6 dB lower loss.
A simple design strategy might be to target a similar range
of OSNR values on all spans. This suggests a simple span loss
threshold which employs higher performance Raman on higher
loss spans. An example of this strategy is shown in Fig. 18
which displays OSNR plots for EDFA-only, backward Raman
(12 dB gain), and forward + backward Raman (12 dB gain
each). An OSNR threshold of 30 dB suggests the deployment
of backward Raman at a span loss greater than 27.5 dB and
forward + backward Raman at a span loss greater than 32 dB.
This keeps the OSNR greater than 25 dB per span for span losses
up to 37 dB (see Fig. 18).
For large Aeﬀ fibers, the performance improvement from
Raman is the same for the same Raman gain. The same gain
will require higher Raman pump power that scales with Aeﬀ
(which in turn may require a higher power Raman module).
Conversely, at the same Raman pump power, the gain in dB will
scale inversely with Aeﬀ (the same Raman module will be less
effective at high Aeﬀ ).
The second important scaling rule is that the optimum maximum power in the fiber increases in large Aeﬀ fiber. The OSNR
improvement due to Raman is independent of the optimum transmit power since it depends only on Raman gain. Thus, an additional factor that must be considered is any limitations in
transmit power. One hundred channels at +2 dBm/ch requires
a +22 dBm transmit amplifier which is about the maximum for
single-pump EDFAs that are typically deployed. To achieve the
benefit of large Aeﬀ fiber may require a higher power EDFA
to reach the optimum transmit power for longer spans. Forward
Raman pumping requires less transmit power at the same non-

A basic description of the Raman amplification process was
provided including the scaling of Raman gain for different fiber
types. The scaling laws also show that Raman gain in dB scales
linearly with pump power in mW and inversely with fiber core
effective area. The NF and OSNR benefit of Raman for different
configurations were analyzed. The OSNR benefit must be considered in the context of the nonlinear transmission noise power
and simple semi-analytic models were provided for both forward
and backward Raman amplification. Additionally, transmission
impairments specific to Raman were discussed which include
noise transfer and multiple-path interference. The most common
configuration of Raman, weak backward Raman amplification,
was shown to have very low penalties, no significant increase in
nonlinear power, and an improvement in OSNR that may allow
three times or more maximum transmission distance.
A high spectral density modulation format such as 16QAM
typically requires about 7.5 dB higher OSNR than QPSK. This
factor is greater than 5 in linear units so that a transmission
distance of 3000 km with QPSK compares to a transmission of
<600 km with 16QAM. 16QAM, with one regeneration site,
is a break-even with QPSK in terms of cost per capacity since
16QAM has twice the spectral density. However, this still only
equates to less than 2/5 of the reach. The OSNR improvement
that results from a Raman line system allows 16QAM to be used
in long-haul networks at a lower cost per capacity × reach once
a significant number of channels are deployed.
The implementation of Raman must consider the effect of
lumped losses in the fiber plant and the risk of connector damage which can be mitigated with specially designed high power
connectors. A dynamic control methodology for Raman amplification modules not only simplifies the operation, but tracks
changes in the fiber plant over time. The fundamentals of laser
safety and transient control were discussed. Raman systems
have matured over the last decade and have demonstrated high
reliability and flexibility in deployed networks.
The decision to employ Raman amplification ultimately depends on the cost advantages. High spectral density transponders
with coherent receivers have greatly improved the capacity for
data transmission. At the same time, these advancements have
resulted in a cost structure heavily weighted toward transponder
line cards and regeneration cards. The cost advantage of Raman is the reduction or elimination of transponder regeneration.
The cost of a Raman-enhanced line system may be equivalent to just several regeneration channel cards. Thus, at higher
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channel capacity the savings of regeneration cards will dominate the network costs resulting in a considerable reduction in
total cost. Additionally, the cost of electrical power and cooling
should be considered. A high power laser diode typically requires 10 W of electrical power and three of them are required
to provide 10 to 12 dB gain in the C-band. In comparison, a coherent digital processor requires 80 to 100 W. Thus, six Raman
modules have a similar power requirement as one regeneration
card. So there is a substantial savings in power and operating
costs by employing Raman to remove a regeneration site.
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